Abstract-Effective treatments for multiple sclerosis (MS)-associated central fat igue have not been est ablished. Surface functional electrical stimulation (FES), which can challenge the peripheral neuromuscular system without overloading the central nervous system, is a relatively safe therapeutic strategy. We investigated the effect of 8 weeks of surface FES training on the levels of general, central, and peripheral fatigue in MS patients. Seven of nin e individuals with MS (average age: 42 .86 +/-13.47 years) compl eted 8 w eeks of quadriceps muscl e surface FES training. Maximal voluntary contraction, voluntary activation level, twit ch force, General Fatigue Index (FI), Central Fatigue Index (CFI), P eripheral Fatigue Index, and Modified Fatigue Impact Scale (MFIS) scores were determined before and after training. The results showed that FI (p = 0.01), CFI (p = 0.02), and MFIS (p = 0.02) scores improved significantly after training. Improvements in central fatigue contributed significantly to improvements in general fatigue (p < 0.01). The results of the current study showed that central fatigue was a primary limitation in patients with MS during voluntary exercise and that 8 weeks of surface FES training for individuals with MS led to significantly reduced fatigue, particularly central fatigue.
INTRODUCTION
Multiple sclerosis (MS) is characterized by demyelinating lesions throughout the white matter of the central nervous system (CNS) [1] . My elin serves as an insulator that speeds up conduction along nerve fibers from one node of Ranvier to another and conserves energy for the axon as depolarization occurs only at th e nodes [2] . Patients with MS exhibi t multiple impairments of the motor, sensory, and/or visual systems. Fatigue is one of the most commonly reported symptoms, and it can be a significant cause of disability.
Conventionally, fatigue is classified as central or peripheral fatigue according to wh ether it is associated with the CNS or the pe ripheral neuromuscular system. Previous studies have reported that individuals with MS experienced higher levels of central fatigue relat ive to nondisabled individuals [3] [4] . Increased central fatigue in patients with MS may be associated with impairment of neural transmission due to de myelination, which causes nerves to fatigue rapidly [1 ] . However, Lenman et al. found that patien ts with MS showed greater fatigabili ty and greater slowing of tibialis anterior muscle relaxation after repetitive stimulation at 40 Hz [5] , suggesting that patients with MS also experience higher levels of peripheral fatigue than nondisabled subjects. To avoid fatigue, clinicians often recommend that patients with MS avoid excessive exercise and conserve energy in their da ily activities. However, long-term inactivity can further increase the severity of fatigue [6] . Without knowing the relative levels of central and peripheral fatigue, clinicians often have dif ficulty designing effective rehabilitation programs and evaluating the effects of treatment in individuals with MS.
Relative contributions of central and peripheral factors to fatigue have not b een quantified in individuals with MS. The generalized estimating equations (GEE) model, which accounts for the correlation between observations in generalized linear regression models [7] [8] , is a potential method to weight the relative contributions of central and peripheral fatigue. GEE have been employed to successfully quantify the weightings of local muscle factors associated with the increase in perceived exertion during stepping exercises in nondisabled subjects [9] . In a repeated-measures design, repeat observations are correlated over time. If this correlation is not considered, the standard errors of the parameter estimates will be invalid [7] [8] . Therefore, even though a multipl e regression model could assign the weightings of indepe ndent variables to the predicted variable, the GEE model is more appropriate.
Currently, no therapeutic strategies have be en designed specifically for patients prone to central fatigue. Previous studies have reported that patients with MS could benefit from endurance training, strength training, and aerobic exercise. Svensson et al. found that 4 to 8 weeks of resistance training designed to increase knee flexor endurance led to improved muscle strength and decreased perceptions of fatigue in three out of five s ubjects [10] . DeBolt and McCubbin found that 8 we eks of home-based resistance exercise training increased leg power [11] . Aerobic exercise, which has been reported to increase the isokinetic peak torque of the knee extensor [12] , increased both the distance c overed in a 6-minute walking test [13] and maximal oxygen consumption [14] [15] [16] . However, this type of training requires active patient participation. Patients with lower functional ability and higher levels of fatigue usually fail to participate in this form of training. Furtherm ore, because equipment for measuring exercise intensity is often not conveniently available in clinics or at home, clinicians and their patients with MS tend to us e a lower than optimal training intensity to avoid negative side effects associated with exercise, such as inc reased body tempe rature and excessive fatigue.
Identifying a safe and ef fective therapeutic strate gy for patients with MS that can provide sufficient challenge to the ne uromuscular system without overloadi ng the CNS is essential [17] . Surface functional electric stimulation (FES), also sometimes called neuromuscular electrical stimulation, can activate muscles and bypass the CNS. It may be a pro mising approach. Previous studies found that FES improved the strength of patients with postradiculopathy [18] an d stroke-associated muscle weakness [19] and decre ased muscle fatigue in patients with chronic heart failure [20] . Studies have also reported that electrical stimulation at an intensity above the motor threshold led to increased motor cortex excitability [21] [22] , suggesting that surface FES might also be effective in overcoming central fatigue.
The current study evaluated the effect of a surface FES training program on muscle strength and fatigability in patients with MS. The current study also quantified the relative contributions of central and peripheral fatigue to general fatigue. Furthermore, the current study determined whether the surface FES training program relieved central or peripheral fati gue. We hypothesized that 8 weeks of surface FES training on knee extensors would lead to significant improvements in maximum voluntary contraction (MVC) force, voluntary activation level (VA), twitch force, central fatigue, peripheral fatigue, general fatigue, and perceived fatigue in patients with MS.
METHODS
Nine individuals diagnosed with MS were recruited with informed consent. Subjects met the following inclusion criteria: (1) definite diagnosis of MS and stable for at least 4 mo nths, (2) b etween 20 and 60 years old, and (3) active muscle contraction of quadriceps. Subjects were excluded if they had previous history of osteoporosis, other neuromuscular-skeletal diseases, or cardiovascular diseases or were unable to tolerate supramaximal stimulation. Manual muscle testing was performed on the knee extensors by a physical therapist. The Kurtzke Expanded Disability Status Scale (EDSS) [23] was administered by a physician. For included subjects, the strength of th e knee extensors was <Grade 3 and the EDSS scores ranged from 1.0 to 4.0.
Each subject sat on the Biodex system (Biodex Medical Systems; Shirley, New York) with their knee joint fixed at a 60° flexion angle while we measured the isometric force of the knee extensor. During testing, surface electrodes (9 × 12 cm) for electrical stimulation (stimulator model DS7A, Digitimer Ltd; Hertfordshire, England) were placed on the muscle belly of the qu adriceps, with one electrode approximately 4 cm above the superior border of the patella and the other ele ctrode approximately 4 cm below the inguinal line. The positions of the electrodes were adjusted to produce only knee extension. Large electrodes were used because the quadriceps are large muscles and the current density delivered by large electrodes would be low and tolerable for subjects. A single pulse of electrical stimulation (pulse width = 200 µs) with a supramaximal intensity was used for eliciting the twitch and superimposed twitch. The stimulation int ensity was started low and was progre ssively increased until no further increase in tw itch force was noted. This intensity was defined as maximum intensity. The int ensity was then adjusted up to 110 percent of the maximum intensity, and this level was defined as supramaximal intensity. The force was mo nitored online by an oscilloscope, and the force signal was digitized using an analogto-digital converter with 12-bit resolution (MetraByte DAS 1600, Keithley Instruments, Inc; Cleveland, Ohio) at 1,000 Hz.
Subjects were instructed to totally relax their hamstrings before eac h testing twitch. Electromyography (EMG) signals from the hams trings were monitored on an oscilloscope but were not recorded for analysis. If subjects contracted their hamstrings, the trial was eliminated. The crosstalk of the stimulus artifact had very little influence on the observat ion of hamstrings EMG activities, since the artifact occurred earlier than the EMG activity.
During the pretraining test session, subjects performed five knee extension MVCs for practice and warm-up. Subjects were then instructed to not contract their hamstrings, and the re sting EMG of the hamstrings was monitored. After the subject learned to perform knee extension MVCs with mini mal hamstring EMG activity, three additional knee extension MVCs, each sustained for 5 seconds, were recorded.
After the MVC te st, the VA of the s ubjects was evaluated by interpolated twitch technique (ITT). ITT is a noninvasive method for as sessing the completeness of muscle activation during voluntary contractions, especially for testing whether a muscle is fully active during a MVC [24] . In addition, this methodology has been widely applied in clinical research related to central fatigue issues [25] [26] . During this test, subjects were asked to relax an d then perform knee extensor MVCs. Maximal twitches were elicited by supramaximal electrical stimulation of the quadriceps during relaxation, at the 2nd second during the MVC, and at the 3rd second after the MVC to obtain the unpotentiated twitch, the superimposed twitch, and the potent iated twitch, respectively . The superimposed twitch represents the forces generated from those motor units that failed t o be activated by the CNS [13] . The VA could be obtained by Equation 1:
where T1 = resting twitch force, which is the average of two unpotentiated and two potentiated twitches, and T2 = superimposed twitch force. This VA test was repeated twice with 5 seconds between repetitions.
Subjects were then asked to perform a fatigue exercise in which they performed knee extensor MVCs with a contraction/relaxation ratio of 5 seconds/5 seconds, which persisted for 20 minutes. The V A test was performed twice every 4 minutes and at the end of the fatigue exercise.
After the pretraining test, the subjects received 8 weeks of su rface FES training. T o simplify the hom ebased training setting, subjects sat on a chai r with their legs fixed on a custom-made frame to maintain the knee at a 90° flexion, rather than the 60° flexion angle used during the pretraining test session. A portable electrical stimulator (Sanaform, Italy) was used to pro duce isometric knee extension contractions. The frequ ency, pulse width, and on/off time of the surface FES were set at 25 Hz, 200 µs, and 500 ms/1 s, respectively. The training was performed at subjects' homes for 8 weeks, 30 minutes a day, 3 days a week. During the first 2 weeks, the stimulation i ntensity
was set at 50 percent of the intensity required to produce 40 percent MVC, which was determined previously in the laboratory. The stimulation intensity was increased weekly until the targeted training intensity required to produce 40 percent MVC was reached. Most of the subjects reached the targeted training intensity at the beginning of the third week. A physical therapist visited each of the subjects once a week to supervise the training setting, monitor the training, and adjust the intens ity of the electrical stimulation. The two remaining weekly sessions were carried out with help from subjects' family members.
After 8 weeks of training, the subjects returned to the laboratory and underwent the same tests performed during the pretraining test. Before and after the 8 weeks of training, the Modified Fatigue Impact Sca le (MFIS) was administered to measure perceived fatigue.
Data Analysis
The amplitude of the MVC force was calculated from the force-time curve. To avoid possible changes in forcecontraction velocity before and after the fatigue exercise, in each of MVCs we only averaged data from the pe ak until 0.5 s after the peak to determine the amplitude of the MVC force ( Figure 1(a) ). The amplitudes of the three consecutive MVCs were averaged for statistica l analysis. The amplitude of T1 was the average of the two unpotentiated and the two pot entiated twitches ( Figure  1(e) ) during the ITT test. To determine the VA, we first obtained the ratio of T2 (Figure 1(c) ) to T1 and then calculated the VA using Equation 1 [27] [28] .
The quotient of the torques after a fatigue protocol is presented as the Fatigue Index, which is commonly used as an index of a muscle's ability to resist fatigue [29] [30] . The decrease in MVC forces after fatigue exercise represents both peripheral and suprasegmental parts of fatigue [27] [28] 31] . The General Fatigue Index (FI) was thus calculated by dividing the averaged amplitude of the three MVC forces after the fatigue exercise by the averaged amplitude of the thr ee MVC forces before the fatigue exercise (Equation 2). The decrease of the electrical elicited twitch forces after fatigue exercise represents only the peripheral part of fatigue [31] . The Peripheral Fatigue Index (PFI) was thus calculated by dividing the averaged amplitude of the T1 after the fatigue exercise by the averaged amplitude of t he T1 before the fatigue exercise (Equation 3 ). The decrease of VA after fatigue exercise represents only the suprasegmental parts of fatigue [27] [28] . The Central Fatig ue Index (CFI) was calculated by dividing the averaged VA after the fatigue exercise by the averaged VA before the fatigue exercise (Equation 4). (d), (f) ). In (a), data from peak to 0.5 s after peak (in box) was averaged to represent amplitude of MVC force. In (c), peak-topeak amplitude represents amplitude of superimposed twitch force (T2). In (e), peak-to-peak amplitude is averaged with potentiated twitch (not shown) to represent amplitude of resting twitch force (T1).
Statistical Analyses
We used paired t-tests to analyze changes before and after the 8 weeks of surf ace FES training. Dependent variables included MVC force, twitch force, VA, FI, PFI, and CFI. Statistical significance was set at p < 0.05. We used the Wilcoxon signed rank test to analyze the change in MFIS s core before and after the 8 we eks of surface FES training.
We used the GEE model, which accounts for correlations between observations in repeated-measures designs, to study the weig hting of central fatigue and peripheral fatigue to general fatigue before and after training. The GEE model was also used to evaluate the contribution of central and peripheral fatigue res istance improvement to general fatigue resistance improvement. More specifically, Equation 5 describes the relationship between general fatigue (the decrea se in MVC), central fatigue (the decrease in VA), and peripheral fatigue (the decrease in twitch force) before and after training:
where MVC it refers to observations for subject i at time t;  0 is the intercept ; Twitch Force it and VA it are the independent variables for subject i at time t;  1 and  2 are the regression coefficients for in dependent variables t witch force and VA, respectively; and  it is the "error" for subject i at time t.
RESULTS
Seven (two males and five females, average age 42.9 ± 13.5 years; all data presented as mean ± standard deviation unless otherwise noted) out o f nine subjects completed the training; two subjects did not complete the training because of disease recurrence.
After 8 weeks of surface FES training, the average knee extensor MVC increased slightly from 32.41 ± 8.95 kilogram weight (kgw) to 32.93 ± 12.40 kgw, the average VA of the kn ee extensor increased slightly from 68.08 ± 14.76 percent to 70.64 ± 14.97 percent, and the average twitch force increased slightly from 13.44 ± 4.41 kgw to 14.47 ± 6.26 kgw, but the changes on MVC (p = 0.81), VA (p = 0.27), and twitch force (p = 0.46) were not statistically significant ( Table 1) .
The FI increased from 66.58 ± 13.00 percent to 74.86 ± 11.02 percent (df = 6, t = -3.77, p < 0.01) after 8 weeks of surface FES training. This result suggests that general fatigue resistance of the patients improved ( Table 1, Figure 2(a) ). The CFI increased from 73.23 ± 18.11 percent to 84.49 ± 11.90 percent ( df = 6, t = -3.36, p = 0.02) after 8 weeks of surface FES training. This result suggests that 8 weeks of surface FES training was effective in alleviating central fatigue of the patients (Table 1, Figure 2(b) ). After 8 weeks of surface FES training, the average PFI changed from 93.86 ± 7.36 percent to 104.80 ± 9.22 percent, but this change was not statis tically significant (df = 6, t = -2.13, p = 0.08) (Table 1, Figure 2(c) ). Table 2 shows the results of the GEE analysis (based on Equation 5) before and a fter 8 weeks of training. Before 8 weeks of surface FES training, both the VA and twitch force were significan tly related to MVC force. Each 1.0 unit decrease in VA led to a 0.83 unit decrease in MVC force, and each 1.0 decrease in twitch force led to a 0.15 unit decrease in MVC force . After 8 weeks of surface FES training, only VA was a significant contribution variable for MVC force. Each 1.0 unit de crease in VA led to a 0.57 unit decrease in MVC force when twitch force was controlled. This result suggests that the weighting of ce ntral fatigue is gr eater than t he weighting of peripheral fatigue, both before and after training.
With regard to the changes before and after training, the paired-differences (post-pre) in VA and twitch force were significantly related to the paired-difference in and CFI Table 1) .
DISCUSSION
This study is the first to quantify the weig hting of central versus peripheral fatigue in MS patients. The current study showed that central fatigue was weighted more than five times higher than peripheral fatigue in individuals with MS. We also found that 8 weeks of knee-extensor surface FES training led to increases in resistance to general fatigue and resistance to central fatigue of the knee extensors in individuals with MS. The perceived fatigue measured by MFIS also improved after training. We also observed that the improvement in central fatigue resistance was the primary contributor to the improvement in general fatigue resistance after surface FES training.
We found that central fatigue contributed to the largest weighting of general fatigue and was a primary limiting factor du ring voluntary exercise in ind ividuals with MS. This finding corresponds to the pathology of the disease, since demyelinating lesions occur throughout the white matter of the CNS [1] . We also found that central fatigue was weighted more than five times higher than peripheral fatigue, suggesting that the alleviation of central fatigue was important fo r improving general fatigue resistance. It should be noted that the current study did not disclaim the influence of peripheral fatigue on patients with MS. Lenman et al. suggested tha t patients with MS suffered from higher levels of peripheral fatigue than nondisabled subjects [5] . A previous study showed that in paralyzed muscle, twitch potentiated more in low frequency fatigue status tha n in fres h status [32] . Although they did not reach statistical significance, the results of the current study showed that the twitch force potentiated before decreasing (Figure 2(c) ), suggesting that the subjects might have been in a periph eral fatigue status before the voluntary fatigue protocol was applied. Whether the peripheral fatig ue was caused by routine daily activities and why the full recovery did not occur remain unclear.
The current study is the first to report that surface FES could improve central fatig ue in indivi duals with MS. Vahtera et al. used electrical stimulation to strengthen the pelvic floor muscle in patients with MS and found that EMG ac tivities increased following the training [33] , but the ef fect of central fatigue was not evaluated. Previous studies reported that electrical stimulation of peripheral nerves at an intensity above the motor threshold increased the transcranial magnetic stimulation and elicited motor evoked potential without a change in H-reflex, suggesting that electric al stimulation alone could induce motor cortex p lasticity [21] [22] [34] [35] [36] . In the current study, the intensity of surface FES was higher than the motor threshold and, thus, was considered to be able to induce motor cortex plasticity. Such an increase in plasticity might alleviate central fatigue i n individuals with MS. Consequently, general fatigue was improved as a result of the decreased central fatigue.
Peripheral muscle strengthening is one of the important effects of FES [18, 20] . Peripheral muscle strengthening alone might lead to an improvement in central fatigue. In a pilot study, Mount and Dacko found that 8 weeks of peripheral muscle strengthe ning by isometric voluntary contractions increased endurance [37] . Although the correlation between endurance a nd central fatigue was not significant, they found that one of the subjects with a significant improvement in endurance had a significant decrease in central activation failure. Mount and Dacko suggested that peripheral muscle strengthening provided a chance for the CNS to learn [37] . Although FES bypasses the CNS and the motor command pa thway is different from that in volu ntary contractions, FES elicits muscle contractions similar to voluntary contractions and increases the af ferent input to the cortex, which might provide a chance for the CNS to learn and the reby decrease central fatigue.
The improvement in general fatigue following surface FES training was primarily the result of the improvement of central fatigue resistance. The current study found that a 1.0 unit increase in the pa ired-difference of VA caused the paired-difference of MVC to increas e by 0.53 units, while a 1.0 unit decrease in the paired-difference of twitch force caused the paired-difference of MVC to decrease by 0.1 units. Furthermore, peripheral fatigue did not change significantly after 8 weeks of surface FES training. Gerrits et al. found that 12 weeks of electrical stimulation training in individuals with chronic sp inal cord inju ry improved the fatigue index and increased the p ercentage of slow fibers in the quadriceps muscle [38] [39] .
Gondin et al. suggested that neural adaptation occurred primarily during the first 4 weeks o f training, whereas changes in muscle mass were detected after 4 to 8 weeks of training [40] . In th e current study, the stimulation intensity during the first 2 weeks was less than the targeted intensity required for subjects to accommodate the electrical stimulation. The op timal training intensity was not attained until the third week of training. The current study failed to sh ow significant improvements in twitch force and PFI, likely because of an insufficient number of training sessions at the optimal training intensity required to induce changes in muscle mass. Further studies with more training sessions at the optimal intensity might be able to show si gnificant improvements in twitch force and/or PFI. The current study showed that the MFIS score decreased after 8 weeks of surface FES training. This result suggests that patients with MS felt that the 8 weeks of training were beneficial. This is the first study to show that surface FES training decrea sed the perception of fatigue in patients wit h MS. Research has shown that resistance training can decrease the perception of fatigue in patients with MS [10] . In comparison to resistance training, surface FES training requires less active participation and, thus, may be appropriate for patients with MS who are restricted from performing high-intensity voluntary exercise and/or who usually fatigue before reaching an optimal level of voluntary resistance training.
LIMITATIONS
The patients included in this study had EDSS scores between 1.0 and 4.0. The effect of 8 weeks of surface FES training on patients with MS who have severe motor deficits is not known. However, we believe that patients with MS with more severe motor deficits may benefit more from surface FES training than those who have minor motor deficits. We did not include a control group in this study because it is difficult to identify a medical condition with physical func tions that match t hose of patients with MS. We did not use the subjects' opposite limb as a control because it is not an appropriate control, especially for VAs and central fatigue measurements. A common concern with before-after stud y design is th e change in he alth status of the subjects during the study period, although this was not the case for th e current study. The medical conditions and lifestyles of the subjects in the current study remained the same during the training sessions.
CONCLUSIONS
Central fatigue is weighted more than five times higher than periphe ral fatigue in individual s with MS. Eight weeks of surface FES training led to improvements in general fat igue, central fatigu e, and perception of fatigue in MS pati ents. The decrease in ge neral fatigue after surface FES training was associated with a decrease in central fatigue. A home-ba sed surface FES training program, which requires less equipment and less active participation by patients with MS, is recommended for those who have difficulty participating in voluntary training programs.
CLINICAL IMPLICATIONS
• Central fatigue is a primary li mitation during voluntary exercise of individuals with MS. The peripheral neuromuscular system might not receive a sufficient level of training during voluntary exercise programs.
• Home-based surface FES, which does not require activation of the CNS, is a safe and effective training strategy for individuals with MS.
• Eight weeks of surface FES can reduce general fatigue, decrease central fatigue, and lower perceived fatigue. Institutional Review: The study was approved by the Chang Gung Medical Foundation Institutional Review Board. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Participant Follow-Up: Subjects who participated in this study will be notified of study publication.
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